Growth of normal fibroblasts requires an adhesive substratum on which to spread, whereas transformed cells can grow in suspension. Since an alkaline cytoplasm has been shown to be required for growth, we measured cytoplasmic pH in individual cells as a function of spreading. The degree of spreading was controlled by coating tissue culture plastic with varying amounts of the nonadhesive polymer polyHEMA. Completely round BALB/c 3T3 cells were 0.15 pH unit more acidic than spread cells. In short-term experiments, cells were treated with the peptide Gly-Arg-Gly-AspSer-Pro to induce rounding or by plating on fibronectin to induce spreading. When cells were induced to change shape, pH changed rapidly and reversibly. All of the anchoragedependent cell lines tested behaved similarly, but 3T3 cells transformed by the plasma membrane oncogene src or ras were able to maintain a relatively alkaline pH even when completely round. Cells transformed by the nuclear oncogene myc behaved like normal cells. Our results suggest that the requirement for spreading may in part be mediated by cytoplasmic pH. Anchorage-independent growth due to oncogenes that localize to the plasma membrane is associated with loss of this control mechanism.
The interaction of cells with extracellular matrix has been shown to be a determinant of growth and differentiation in many cellular systems. These include the differentiation of preadipocytes (1) , prechondrocytes (2) , mammary epithelial cells (3) , ovarian granulosa cells (4) , fibroblasts (5) , and hepatocytes (6) and the growth of all anchorage-dependent cell types (7, 8) . In general, an adhesive substratum on which cells spread promotes growth and inhibits differentiation. Conditions under which cells are more round inhibit growth and can promote differentiation. Despite a great deal of descriptive data, almost nothing is known about the molecular mechanisms by which cell shape acts.
The dependence of cell division on anchorage in fibroblast cell lines has been the best studied of these systems. Growth of normal cells is very strongly inhibited when spreading is prevented (7) , whereas growth inhibition of transformed cells is reduced or eliminated (9) . In fact, anchorage dependence of growth is regarded as the best in vitro correlate of tumorigenicity in vivo (8) . The oncogenes responsible for transformation are most often modifiers of or activated or overexpressed analogues of cellular proteins involved in transduction of hormonal signals for growth (9) . Although considerable work has been done on the structure and function of several oncogene proteins, little is known about the cellular pathways that regulate growth and upon which oncogenes act. Furthermore, almost nothing is known about how these pathways relate to the effects of cell spreading on growth.
Presumably, cell spreading is required for one or more steps in the pathways that regulate DNA synthesis and cell division. Therefore, our approach to this problem was to search for an event that is necessary for growth and is sensitive to spreading. One putative second messenger in the response of cells to growth factors is a rapid and persistent rise in cytoplasmic pH. A number of growth factors increase cellular pH by 0.1-0.2 pH unit by activating a Na+/H' antiporter in the plasma membrane (10) . When the rise in pH was blocked in several different ways, growth was inhibited, indicating that cytoplasmic alkalinization is required for growth (11, 12 ). An increased cytoplasmic pH has also been reported to correlate with transformation in several systems (13) (14) (15) (19) . Background fluorescence was determined by measuring the fluorescence intensity from nearby cell-free areas. Autofluorescence from unloaded cells was negligible.
To determine absolute pH, the 490/450 ratios, corrected for background, were compared to calibration curves obtained by incubating cells in Hepes-buffered DMEM, between pH 6.89 and 7.60, in which all of the sodium was replaced by potassium and which contained 12 jig of nigericin per ml (19, 20) . (Fig. 1A) . Standard deviations for pH measurements were almost always between 0.04 and 0.08 pH unit. Only a small part of these differences was due to experimental error, since when pH was clamped by equilibration of cytoplasmic and extracellular compartments by using the ionophore nigericin (Fig. 1B) , or else when rapid repeated measurements were made on a single cell, the standard deviations were 0.01-0.025 pH unit. The origin of differences between cells is unknown and cannot be accounted for by differences in the cell cycle (21) .
In addition to the differences between individual cells, we found that the mean pH in separate dishes tended to vary as a function ofconditions, such as time in culture, temperature, and handling (data not shown). Therefore, to be certain that all such factors were kept constant, experiments were designed so that cells in different states of spreading could be compared in a single dish at the same time.
pH at Steady State. The first question we attempted to answer was whether pH varied as a function ofcell spreading. To control spreading, we used the nonadhesive polymer polyHEMA (7) . polyHEMA at different concentrations dried down in tissue culture dishes produces surfaces of varying adhesivity on which cells spread to different extents (Fig. 2 A-E). To allow comparison of round cells and flat cells in single dishes, the polyHEMA coating was scraped with a sterile plastic pipet tip to expose the underlying plastic in small areas. Cells attached and spread on these areas as they normally do on tissue culture plastic. At 24-48 hr after plating, cytoplasmic pH was determined for rounded cells on each concentration of polyHEMA and for the fully spread cells in each dish. The pH difference, ApH, is shown in Fig.  2F . Decreased spreading was accompanied by decreased cytoplasmic pH, with completely round cells 0.15 ± 0.025 pH unit more acidic than nearby fully spread cells. As previously observed (7) , rounding was also accompanied by inhibition of DNA synthesis (Fig. 2G ), which correlated with acidification.
Several results indicate that the difference in pH between spread and round cells was not due to experimental artifacts. First, to test for optical artifacts, calibrations were carried out by using nigericin and high potassium medium (19) , where internal pH should be identical in all cells. Under these conditions, the mean pH values for round and spread cells were identical, ruling out any such artifacts. Second, we found that mitotic cells were not significantly different from well-spread interphase cells, even though they are completely round (data not shown, but see ref. 21 ). This observation is perhaps related to results showing that cytoskeleton-membrane interactions in mitotic cells differ substantially from those in interphase cells (22) . It also indicates that acidification is not an inevitable consequence of rounding but can be controlled by other factors. This conclusion is strengthened by results showing that the effect of spreading on pH depends on cell type (below).
Nor does the change in pH appear to be a consequence of the reduction in growth rate. Cells at low density in 0.5% serum showed a 78% reduction in their rate ofDNA synthesis and a small acidification ( (Fig. 3A) . Cytoplasmic pH was measured in both flat and round cells after addition of Gly-Arg-Gly-Asp-Ser-Pro. About 30 min was needed to get a statistically significant sample. Fig. 3C shows that at 6-30 min after addition of Gly-Arg-Gly-Asp-Ser-Pro, essentially the earliest times at which distinct round cells were observed, rounding cells were significantly more acidic than nearby spread cells. Adding the control peptide Gly-Arg-Gly-Glu-Ser-Pro had no effect on cell shape and no effect on pH.
Second, a suspension of 3T3 cells was plated in dishes containing regions of polyHEMA and regions of fibronectincoated plastic. Cells that settled onto the plastic attached rapidly and spread over 1-2 hr, whereas cells that settled onto the polyHEMA remained entirely round during the course of the experiment (Fig. 3B) . At 20-50 min after plating, the earliest times at which cells were significantly spread, spreading cells were significantly more alkaline than round cells on polyHEMA (Fig. 3C ). It 
DISCUSSION
Recent results from a number oflaboratories have shown that soluble growth factors rapidly increase cytoplasmic pH by 0.1-0.2 pH unit by activating a Na+/H' exchanger in the plasma membrane (10) . Blocking alkalinization in a number of different ways inhibited cell growth (11, 12) . These experiments were generally carried out in bicarbonate-free medium so that Na+/H' exchange was the main mechanism for pH regulation. The effects in the presence of bicarbonate have generally been less dramatic. It should be emphasized, therefore, that the experiments reported here were carried out under the physiologically relevant conditions-i.e., in a bicarbonate/CO2 buffer. Preliminary experiments carried out to define the roles of Na+/H' and HCO3 /Cl-exchangers in pH regulation in round and spread cells suggest that changes in Na+/H' exchange are also responsible for the effect of spreading on cytoplasmic pH.
We have recently completed a study of pH regulation in capillary endothelial cells (D. Ingber, S. Doctrow, J. Frangioni, C.L., and M.A.S., unpublished data). These cells can be maintained in a defined medium without serum, can be induced to grow by addition of a single growth factor, fibroblast growth factor, and are completely dependent on exogenous fibronectin so that spreading can be controlled by varying the fibronectin on the substratum. Like fibroblasts, endothelial cells had a higher pH when spread than when round. In the complete absence of growth factors, all cells were slightly more acidic, but ApH between round and flat cells was unchanged. These results show that, in this system, spreading does not act by attenuating the effect of growth factors on pH and reinforce the conclusion that the effect of spreading on pH is not a consequence of the changes in growth. They also show that the effects of spreading on pH occur in a variety of cell types and are not dependent on the particular method used to control spreading.
Our results with normal cell types, together with published data on the growth inhibitory effects of low cytoplasmic pH, imply that some of the inhibition of growth that occurs when cells are prevented from spreading is due to the decrease in cytoplasmic pH. The result that transformation by ras or src leads to the ability to maintain an alkaline pH when round provides further evidence for a link between pH and growth. In fact, it has recently been reported that expression of a yeast proton pump that increased cytoplasmic pH in 3T3 and Vero cells by 0.2 pH unit was sufficient for tumorigenicity and growth in suspension culture (15 (9, 27) . Efficient growth in suspension requires the action of two or more oncogenes (9, 28) . myc and several other nuclear oncogenes form a complementation class whose members cooperate with src or ras to produce more complete transformation than any single oncogene can by itself. Other work has shown that cytoplasmic and nuclear functions are both inhibited in cells in suspension but that they are controlled separately (25, 26) . It is therefore tempting to speculate that two cellular controls exist to prevent growth in suspension and that they function in series to give a high degree of growth inhibition by their combined action. One control would be nuclear and would be acted upon by nuclear oncogenes. The other is cytoplasmic, is acted upon by plasma membrane or cytoplasmic oncogenes, and involves pH.
To summarize, our results lead to four major conclusions. (i) Since reduced intracellular pH is itself growth inhibitory, our results suggest that normal cells cannot grow when round in part because they have a low cytoplasmic pH. (ii) They suggest that the ability to maintain alkaline pH when round is associated with anchorage-independent growth due to the action of Ki-ras or v-src. (iii) Our results contribute to the growing body of data suggesting that cytoplasmic pH is a common element in a number ofgrowth regulatory pathways. (iv) They provide evidence for a change in the level of a second messenger as a rapid consequence of changes in cell spreading. As such, these findings suggest that an intracellular second messenger can be controlled by the interaction of cells with extracellular matrix.
